Background--Phase angle (PA) is a bioimpedance measurement that is determined lean body mass and hydration status. Patients with low PA values are more likely to be frail, sarcopenic, or malnourished. Previous work has shown that low PA predicts adverse outcomes after cardiac surgery, but the effect of PA on survival has not previously been assessed in this setting.
F
railty is a geriatric syndrome that has demonstrated prognostic significance in older adults undergoing cardiac surgery. 1 Although numerous clinical scales exist to evaluate frailty and predict outcomes, many scales are timeconsuming to administer, motivating the search for objective biomarkers that can serve as specific indicators of frailty. Bioimpedance is a noninvasive method for body composition assessment that has been extensively validated for evaluation of body composition [2] [3] [4] [5] [6] and hydration status [7] [8] [9] [10] [11] [12] [13] in patients undergoing cardiac surgery. Phase angle (PA) is a measurement obtained via bioimpedance analysis that reflects the resistance and reactance of the human body in response to the application of an external current. 14 PA is strongly associated with sarcopenia [15] [16] [17] [18] and frailty [18] [19] [20] in geriatric patients, and represents a promising candidate as a noninvasive tool for frailty assessment in the cardiac population. PA is determined by lean body mass, total body water (TBW), and the ratio of extracellular water (ECW) to TBW ( Figure 1) . A decrease in muscle mass or an increase in ECW both tend to decrease PA. In cardiac patients, low PA is associated with low muscle mass and handgrip strength. 21, 22 In the setting of heart failure, low PA is associated with increased mortality [23] [24] [25] and prolonged length of stay (LOS). 26 Thus, PA incorporates lean body mass and hydration status into a noninvasive marker that is well suited to the evaluation of cardiac patients. PA can be obtained in <1 minute at the bedside, and contrary to other bioimpedance markers, such as lean and adipose tissue mass, it is measured directly and avoids errors attributable to regression equations. Two previous single-center studies 21, 22 have shown that
PA is a predictor of postoperative morbidity and prolonged LOS in patients undergoing cardiac surgery. However, one of these studies was limited only to low-risk patients, and neither reported mortality as an outcome. This study sought to prospectively study the impact of PA on mortality, morbidity, and LOS after cardiac surgery.
Methods Data Availability
The data, analytic methods, and study materials will be made available on request.
Study Design
The BICS (Bioimpedance in Cardiac Surgery) study consisted of a prospective cohort of consecutive adult patients undergoing major cardiac surgery at the Jewish General Hospital (Montreal, QC, Canada) and the McGill University Health Centre (Montreal, QC, Canada) between December 2014 and May 2017. The study protocol was approved by the Institutional Review Board, and participants gave informed consent. Inclusion criteria were as follows:
(1) patients undergoing coronary artery bypass grafting, aortic, mitral, or tricuspid valve replacement or repair, aortic surgery, or a combination of these procedures; (2) bioimpedance testing performed preoperatively; and (3) consent signed to be enrolled in the longitudinal frailty registry. Exclusion criteria were as follows: (1) cardiovascular implantable electronic device (contraindication to bioimpedance testing); (2) clinical instability requiring emergent surgery; and (3) language barrier or severe neuropsychiatric impairment, leading to inability to cooperate with study procedures.
Data Collection
Before surgery, trained research assistants administered the bioimpedance test in addition to a structured questionnaire and physical performance tests focused on frailty. These tests consisted of 5-m gait speed, 5 timed chair rises, timed standing balance, and handgrip strength. 27 Measurements were used to calculate the Short Physical Performance Battery (SPPB) score, the Fried frailty score, and the Mini Nutritional Assessment Short Form score. Additional variables of interest included age, sex, measured height and weight, comorbid conditions, left ventricular ejection fraction, serum hemoglobin, albumin, and creatinine. Figure 1 . Biological determinants of phase angle. Phase angle is the angle of the vector formed by the body's reactance (X C ) and resistance (R). X C (a property of cell membranes) is determined by both lean body mass and hydration status, whereas R is principally determined by the quantity of intracellular and extracellular water found in the body.
Clinical Perspective
What Is New?
• Phase angle is strongly associated with frailty and sarcopenia in older patients, and can rapidly be measured at the bedside using biompedance analysis technology.
• Our study shows that phase angle predicts postoperative mortality and morbidity in a prospective cohort of 277 patients undergoing major cardiac surgery.
• Our study also shows that phase angle is associated with frailty scores as well as multiple components of the frailty syndrome, including physical performance (grip strength and chair rise time) and muscle mass.
What Are the Clinical Implications?
• Phase angle is a potential noninvasive marker of frailty that could help enhance preoperative risk stratification in older patients undergoing cardiac surgery.
Bioimpedance Measurements
Patients underwent bioimpedance testing with the InBody 770 and InBody S10 bioimpedance machines (InBody, Seoul, Korea) while admitted on the cardiovascular ward, on average 2 days before surgery. The InBody 770 machine acquires measurements with the patient in the standing position, and was used in patients who could ambulate; the portable InBody S10 machine was used in patients who were unable to mobilize or stand. Both machines measure PA at 50 kHz and estimate segmental body composition at multiple frequencies. Telemetry units and electrodes were removed for the test, and patients were asked to empty their bladder and remove their jewelry and clothing (except hospital gowns).
Outcome Measures
The primary outcome was all-cause mortality at the date of last available follow-up, ascertained from electronic health records, telephone follow-up with the patients and their families at 6 and 12 months, and additional interrogation of local obituaries. Secondary outcomes were 30-day all-cause mortality, postoperative LOS, and composite major morbidity (defined by the Society of Thoracic Surgeons [STS] as reoperation for any cardiac reason, renal failure, deep sternal wound infection, prolonged ventilation, or stroke). Results were adjusted for the STS-predicted risk of mortality, morbidity, or prolonged LOS. In addition to models adjusted for STS-predicted risk, sensitivity analyses were conducted adjusting for 15 covariates that have been shown to be the most important risk factors for long-term mortality and morbidity after cardiac surgery. The covariates were as follows: age, sex, body surface area, diabetes mellitus, chronic obstructive pulmonary disease, cerebrovascular disease, peripheral arterial disease, creatinine, left ventricular ejection fraction, heart failure within 2 weeks, myocardial infarction, left main or multivessel coronary artery disease, prior cardiac surgical procedures, surgery status (urgent or elective), and type of cardiac surgery performed.
Statistical Analyses
Descriptive statistics are presented as meanAESD, and were grouped by PA tertiles for tabular display. Distributive histograms were used to assess normality of the predictor and outcome variables. PA was treated as a continuous variable. A Pearson correlation matrix was used to define the association of PA with anthropometric data, frailty markers, and nutritional markers. Cuzick's test for trend was used to compare baseline characteristics and outcomes across tertiles of PA. 28 After adjustment for STS predicted mortality, Cox regression was used to assess long-term survival, and was presented using Kaplan-Meier curves. Logistic regression analysis was performed to determine the association between PA and early mortality as well as morbidity after adjustment for STS-predicted risk. Harell's C-statistics were computed to assess the incremental value of adding PA to prediction models. Cutoffs for PA were obtained on the basis of the optimal balance between sensitivity and specificity in receiver-operating characteristic curve analysis, by maximization of Youden's statistic.
Multiple linear regression analysis was performed to assess the association between PA and hospital LOS after adjustment for STS-predicted long LOS. Residuals were assessed for normality using kernel density plots.
Model fit was assessed by comparing the C-statistic before and after the addition of PA as a predictor. Model generalizability was evaluated using 10-fold cross-validation. All statistical analyses were performed using STATA, version 14.0 (StataCorp, College Station, TX).
Results
Of 405 patients enrolled in the longitudinal frailty registry between December 2014 and May 2017, a total of 277 had preoperative bioimpedance data available for analysis, of which 69 (25%) were women and 208 (75%) were men. The median age was 72 years (interquartile range [IQR], 66-83 years), and the median STS-predicted risk of mortality was 1.3% (IQR, 0.8%-2.4%). The type of procedure was isolated coronary artery bypass grafting in 175 patients, valve surgery in 55 patients, and combined surgeries in 47 patients. Measurements were performed with the InBody 770 machine in 222 patients and with the InBody S10 machine in 55 patients. Patients who were excluded (n=128) on the basis of not having had bioimpedance testing were on average slightly older (median age, 74 years; IQR, 70-78 years), more likely to be women (37.5% women), and had a higher STS-predicted mortality (2.29%; IQR, 1.25%-4.30%).
PA was normally distributed, as illustrated in Figure 2 , with a mean of 5.1AE0.9°, a lower tertile of 4.5°, and an upper tertile of 5.4°. Mean PA did not differ significantly according to the type of machine used for measurements. The baseline characteristics of the study population by PA tertile are presented in Table 1 . Patients with lower PA were older, with a higher proportion of women and a lower body mass index. Patients with lower PA had higher rates of chronic kidney disease, past or current malignancy, and anemia (P<0.01), but a lower rate of coronary artery disease (P<0.01). Rates of hypertension, diabetes mellitus, stroke, heart failure, chronic pulmonary disease, and cirrhosis did not differ according to PA tertile.
Markers of body composition, frailty, and malnutrition by PA tertile are presented in Table 2 , and pairwise correlations are shown in Table 3 . Patients with a lower PA had lower fat-free mass and a higher ECW/TBW ratio (P<0.001). Patients with lower PA had higher degrees of frailty, as measured by the SPPB and Fried scales, and had lower grip strength, slower gait speed, and longer chair rise times (P<0.01). PA was not associated with nutritional status, as assessed by albumin or by the Mini Nutritional Assessment Short Form scale.
Over a median follow-up period of 369 days (IQR, 198-401 days), a total of 19 patients (7%) died. A total of 70 patients (25%) experienced a STS composite early safety event during the in-hospital period. Postoperative outcomes by PA tertile are presented in Table 4 . Patients with lower PA had a higher incidence of death, major adverse cardiac event, acute kidney injury, bleeding, and delirium, and a longer LOS. Patients with lower PA had higher rates of discharge to a rehabilitation facility or nursing home, as well as higher rates of readmission at 1 year.
In the logistic regression model adjusted for STS-predicted risk of mortality, lower PA was associated with increased mortality at 1 month (adjusted odds ratio [ Figure 3 . Adjusting for STS-predicted risk of major morbidity or mortality, lower PA was associated with an increased risk of experiencing an STS composite major morbidity event (adjusted OR, 1.74 per 1°decrease in PA; 95% CI, 1.19-2.58).
In the Cox proportional hazards model, lower PA was associated with increased all-cause mortality (adjusted hazard ratio, 2.51 per 1°decrease in PA; 95% CI, 1.32-4.75). The median hospital LOS was 7 days (IQR, 6-11.5 days). In the linear regression model adjusted for STS-predicted risk of prolonged LOS, lower PA was associated with longer LOS (adjusted b, 4.8 days per 1°decrease in PA; 95% CI, 1.3-8.2 days).
Receiver-Operating Characteristic Curve Analysis
The addition of PA to the STS risk score was associated with an increase in the C-statistic for prediction of mortality at 1 month from 0.78 to 0.84, for mortality at 12 months from 0.77 to 0.84 (Figure 4) , and for morbidity from 0.67 to 0.69. Receiver operating curve analysis determined that a PA cutoff of <4.5°was associated with optimal predictive value for mortality at 12 months.
Sensitivity Analyses
In logistic regression models adjusted for a wider panel of individual risk factors, PA remained predictive of our outcomes of interest (Table S1 ). When adjusting for frailty (as measured by SPPB) in addition to STS-predicted risk, PA was slightly attenuated but remained an independent predictor of mortality at 1 month (adjusted OR, 2.98; 95% CI, 1.09-8.10) and at 12 months (OR, 2.72; 95% CI, 1.19-6.24). Furthermore, there was no evidence of interaction between PA and the type of cardiac surgery performed. 
Discussion
To our knowledge, this is the first study to show that bioimpedance PA predicts early and midterm mortality after major cardiac surgery. Every 1°decrease in PA conferred an %3-fold higher risk of death at 12 months. PA was specifically correlated with muscle mass, muscle strength, and frailty scales, demonstrating its potential utility as a biomarker for frailty. Low PA was predictive of resource use, as evidenced by a higher likelihood of prolonged LOS, discharge to specialized facilities, and need for readmission. Consistent with previous studies, low PA was predictive of postoperative morbidity. 21, 22 Notably, PA provided similar predictive value when compared with the STS risk score, provided incremental predictive value when added to it, and remained independently predictive in sensitivity analyses adjusting for 15 known predictors of mortality after cardiac surgery.
In our patient population, a PA cutoff of <4.5°had the highest predictive value for mortality at 12 months. This cutoff coincided with the lowest tertile of PA (<4.5°). These values are in keeping with previous estimates showing that the mean PA in frail geriatric patients is %4.5°in women and 4.6°in men, 29, 30 and that the optimal PA cutoff for detection of sarcopenia is 4.5°. 17 By contrast, the mean PA in healthy geriatric patients has previously been reported as 6.2°in men and 5.6°in women. Thus, a PA cutoff of <4.5°may be used to identify a subgroup of frail older adults at high risk for adverse outcomes after cardiac surgery. Low PA was associated with higher odds of physical frailty, as assessed by the SPPB scale, as well as low skeletal muscle mass and decreased handgrip strength. This finding reinforces the notion that a low PA is associated with sarcopenia, a key biological substrate of the frailty syndrome that results from accelerated age-related loss of skeletal muscle mass and (9) 11 (19) 5 (7) 0 (0) <0.001
Readmission at 1 mo 38 (14) 15 (18) 12 (12) 11 (13) 0.43
Readmission at 12 mo 39 (26) 19 (43) 10 (17) 10 (20) 0.02 STS composite major morbidity 70 (25) 33 (37) 28 (27) 9 (11) <0.001
Postoperative complications Stroke 4 (1) 1 (1) 1 (1) 2 (2) 0.49
Prolonged ventilation 34 (12) 15 (17) 13 (12) 6 (7) 0.06
Acute kidney injury 58 (21) 27 (30) 21 (20) 10 (12) 0.003 strength. 31 PA has previously been shown to correlate with biomarkers of muscle degeneration 32 and to decrease after muscle injury, [33] [34] [35] supporting the biological plausibility of a link between decreased PA and not only low muscle mass, but also impaired muscle function. More important, the addition of low PA to risk models that included the SPPB demonstrated incremental prognostic value, highlighting the complementary relationship between PA and existing frailty scales. In patients unable to complete performance-based frailty scales, such as those who are acutely ill or nonmobile, PA can still be used to gain information about the patient's level of frailty. Although PA is commonly purported to be a marker of nutritional status, there was no significant association between PA and nutritional screening tools or hypoalbuminemia in our study. Despite being more prevalent in malnourished patients, a low PA has been shown to have poor specificity for predicting malnutrition. 36, 37 Previous studies showed only a borderline significant correlation between PA and Mini Nutritional Assessment Short Form score and no correlation with the Malnutrition Universal Screening Tool score. 29 The low prevalence of malnutrition in our population (3% as defined by Mini Nutritional Assessment Short Form ≤7) and the short-form screening tool used may have limited the power of this study to detect a significant association with PA. Consistent with radioisotope dilution experiments, a strong correlation was identified between PA and bioimpedance estimates of the ECW/TBW ratio (R=À0.79), with a higher ECW/TBW ratio corresponding to a lower PA. 38 However, rates of heart failure were not different according to PA tertile, and although a trend toward higher rates of chronic kidney disease was observed in the lowest PA tertile group, the difference in mean creatinine clearance between the lowest and highest tertiles was marginal (98AE60 versus 92AE29 mL/min). Thus, the prognostic significance of PA in our population is unlikely to be solely reflective of renal or heart failure, reiterating the added value of capturing lean body mass in addition to hydration status in a single risk marker.
Beyond the prognostic value of PA in patients undergoing cardiac surgery, PA has the potential to be actionable and responsive to therapeutic interventions that target frailty and sarcopenia. Preliminary studies suggest that PA may decrease in response to undernutrition, 39 and that oral nutritional supplementation can improve PA. 40 Similarly, it has been shown that PA decreases after physical inactivity, and that physical training can restore PA toward normal values. 41 In patients with decompensated heart failure, PA increases in response to diuretic treatment. 42 Taken together, these findings suggest that PA is a dynamic marker that can potentially be targeted using interventions to restore adequate nutritional status, increase physical activity, and optimize fluid status. The results of our study must be interpreted considering the following limitations. First, the total number of deaths in our cohort was small. Nevertheless, the effect on mortality persisted at all time points of the study and after adjusting for predicted mortality using the STS risk score. Sensitivity analyses adjusting for malnutrition and frailty scales as potential confounders did not negate results for primary or secondary outcomes. Second, our cohort consisted of a mostly male population, and although PA is known to be lower in women than in men, 43 it is not known whether there is effect modification by sex. Third, patients who were clinically unstable could not undergo bioelectrical impedance analysis testing, limiting the generalizability to this group (as reflected by the slightly higher age and STS-predicted risk of excluded patients). However, a portable bioimpedance machine was used to enable testing on patients who could not stand. Because sicker patients are expected to have a lower PA, exclusion of these patients would result in conservative estimates of the effect of PA on outcomes. Fourth, although the multifrequency bioelectrical impedance analysis machine used was fairly costly (and hence less accessible), less costly single-frequency bioelectrical impedance analysis machines can be used to measure PA with equal accuracy. Sensitivity analyses performed using single-frequency upper extremity PA in our data set yielded similar results to whole body PA. Finally, bioimpedance machines are validated for measurement of body composition at steady state, and the validity of results may be affected by changes in water distribution resulting from acute illness. To mitigate this potential source of bias, bioimpedance measurements were performed after initial stabilization of patients. In addition, because PA is directly measured rather than predicted from regression equations, the validity of measurements does not depend on assumptions about the constancy of body composition. 44 
Conclusion
The BICS study has identified bioimpedance PA as a novel biomarker for frailty in patients undergoing cardiac surgery. PA is potentially applicable at the point of care to supplement the assessment of frailty in older adults. Low PA (<4.5°) is incrementally predictive of mortality, morbidity, and LOS after major cardiac surgery. Further work is needed to better delineate the physiological determinants of PA in cardiac patients, and to investigate the responsiveness of this marker to interventions aimed at reversing frailty. 
